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Edited by Ulf-Ingo Flu¨ggeAbstract The Ajuga reptans L. galactan:galactan galactosyl-
transferase (ArGGT) is a vacuolar enzyme that synthesizes
long-chain raﬃnose family oligosaccharides (RFOs), the major
storage carbohydrates of this plant. ArGGT is structurally and
functionally related to acid plant a-galactosidases (a-Gals) of
the glycosylhydrolase family 27, present in the apoplast or the
vacuole. Sequence comparison of acid a-Gals with ArGGT re-
vealed that they all contain an N-terminal signal sequence and
a highly similar core sequence. Additionally, ArGGT and some
acid a-Gals contain C-terminal extensions with low sequence
similarities to each other. Here, we show that the C-terminal
pentapeptide, SLQMS, is a non-sequence-speciﬁc vacuolar sort-
ing determinant. Analogously, we demonstrate that the C-termi-
nal extensions of selected acid a-Gals from Arabidopsis, barley,
and rice, are also non-sequence-speciﬁc vacuolar sorting determi-
nants, suggesting the presence of at least one vacuolar form of
acid a-Gal in every plant species.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Plant vacuoles may occupy up to 90% of a cell volume and
fulﬁl many vital functions such as storage of water, ions, pig-
ments, or toxic compounds, regulation of turgor pressure
and synthesis, storage, and mobilization of metabolites. In
plant cells, at least two types of vacuoles exist, the lytic vacu-
oles and the protein storage vacuoles (PSVs), which might
coexist or fuse during development [1,2]. We have had a
long-standing interest in a special type of vacuole which both
synthesize, store, and hydrolyze water-soluble carbohydrates.
Prominent examples of such vacuoles include fructan vacuolesAbbreviations: CLSM, confocal laser scanning microscopy; ctVSD, C-
terminal VSD; ER, endoplasmic reticulum; a-Gal, a-galactosidase;
GFP, green ﬂuorescent protein; GGT, galactan:galactan galactosyl-
transferase; PSV, protein storage vacuole; psVSD, physical structure
VSD; RFO, raﬃnose family oligosaccharide; sp, secretory pathway
signal peptide; ssVSD, sequence-speciﬁc VSD; VSD, vacuolar sorting
determinant
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doi:10.1016/j.febslet.2007.03.068and raﬃnose family oligosaccharide (RFO) vacuoles which we
have shown to contain the respective carbohydrates as well as
their anabolic and catabolic enzymes [3–5].
Recently, we characterized the vacuolar long-chain RFO
synthesizing enzyme galactan:galactan galactosyltransferase
(GGT) from common bugle (Ajuga reptans) both biochemi-
cally and molecularly [6–8]. ArGGT is a glycosylated protein
that catalyzes the chain elongation of RFOs at low pH by
transferring a terminal a-galactosyl residue from one RFO
molecule to another one, producing RFOs with a degree of
polymerization between 5 and 15 [6–8]. So far, GGTs have
only been found in plants of the Lamiaceae family [9,10].
The location of ArGGT and its products, the long-chain
RFOs, in the acid central vacuole was demonstrated by com-
paring protoplasts and vacuoles from mesophyll cells of
cold-induced leaves [5,11]. It was also demonstrated that
ArGGT is a soluble enzyme residing in the cell sap by compar-
ing vacuoles with tonoplast vesicles and cell sap fractions iso-
lated from them [11].
Vacuoles are part of the endomembrane system including
the endoplasmic reticulum (ER), the Golgi apparatus, and
the plasma membrane as main components. Polypeptides des-
tined for the vacuole or the cell surface carry an N-terminal
signal sequence that targets the nascent polypeptide to the lu-
men of the ER. This signal sequence is removed co-translation-
ally [12]. The default pathway of polypeptides that have
entered the ER is the secretion to the cell surface [13]. Reten-
tion in the endomembrane system or sorting to the vacuole re-
quires additional information represented by short peptide
sequences called ER retention signal and vacuolar sorting
determinant (VSD), respectively (for review see [14–17]).
VSDs are thought to interact with protein receptors, which
most probably initiate vesicle formation and transport to the
vacuole. Sorting of polypeptides to vacuoles often requires
transport through the Golgi apparatus; vesicle formation then
occurs in the Golgi stacks after processing, e.g. modiﬁcation by
glycosylation [15–19]. Three diﬀerent types of VSDs have been
identiﬁed so far and are part of or constitute sequence-speciﬁc,
usually N-terminal VSDs (ssVSDs), non-sequence-speciﬁc C-
terminal VSDs (ctVSDs), or physical structure-internal VSDs
(psVSDs) [14,15].
ctVSDs have been identiﬁed in propeptides of several vacu-
olar proteins [15]. They are very variable in length and do not
possess a conserved sequence motif. Their common feature is a
hydrophobic amino acid patch within the propeptide
[14,15,17].blished by Elsevier B.V. All rights reserved.
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galactosidases (a-Gals) of family 27 of glycosylhydrolases
(CAZY, http://afmb.cnrs-mrs.fr/CAZY/; [8]. Plant acid a-Gals
occur either in the apoplast [20,21] or the vacuole [4]. Compar-
ison of acid a-Gal and ArGGT sequences revealed that both
types of premature proteins contain an N-terminal signal se-
quence and a highly similar core sequence. Additionally,
ArGGT and some acid a-Gals also contain a C-terminal exten-
sion with low sequence similarities to each other. These ﬁnd-
ings suggested that the C-terminal extension could be the
ctVSD of ArGGT but also of some acid a-Gals. In this study,
we demonstrate by means of green ﬂuorescent protein (GFP)
fusion with candidate peptides and subsequent exploiting tran-
sient expression in Nicotians plumbaginifolia mesophyll pro-
toplasts that these C-terminal oligopeptides are non-
sequence-speciﬁc determinants for protein sorting to the plant
vacuole.2. Materials and methods
2.1. Plant material
Plants of N. plumbaginifolia were grown in axenic conditions on half
strength MS medium [22], 3% (w/v) Suc at 25 C with a 16/8 h light/
dark program.
2.2. Recombinant DNA
Constructs used in this work are shown in Fig. 1 (not to scale). All
protein-coding sequences were fused downstream of the CaMV 35S
promoter in the expression vector pART7 [23]. All constructs were in-
serted into the expression vector as Kpnl/Xbal fragments. The ArGGT
cDNA (ArGGT preprotein, corresponding to GenBank Accession No.
AY386246) has been described previously [8]. Chimeric GFP-ArGGT
constructs were prepared by the overlapping PCR technique [24] using
GFP (GFP6; [25]) as a reporter protein for intracellular ArGGT peptide
traﬃcking. To improve primer-binding at the GFP 5 0-end, the GC/AT
ratio of the codons for Asp, Glu, Leu, and Lys was, preserving the
encoded amino acids, altered from 35% to 55% using the primer
5 0- GCTCTAGACTACTTGTACAGCTCGTCCATGCCATGTGT-
AATCCC-30 (restriction site underlined).
In a ﬁrst step, the sequences to be fused were prepared: (1) The N-
terminal signal peptide of ArGGT was identiﬁed by SignalP ([26])
and ampliﬁed with the primers, 5 0-GGGGTACCGATGGAGGCAT-ArGGT secretory pathway signal p
ArGGT core GFP C-
spGFP-SLQMS
GFP
spGFP-PADKKSLQMS
spGFP
spGFP-ArGGT
spGFP-ArGGTΔSLQMS
P
ArGGT preproteinA.
B.
Fig. 1. Schematic diagram of the cDNA-derived ArGGT preprotein an
corresponding to the functionally expressed ArGGT-1 described previousl
expressed in tobacco mesophyll protoplasts for intracellular localization studi
35S promoter.CAGTGTTCTTCAC-3 0 and 5 0-CCTTTACTCATTGCGAGGA-
GATTGCGTCTGTGATG-30, the latter of which carrying an overlap-
ping region with the 5 0-end of GFP (overlapping regions are in italics).
The signal peptide ampliﬁed corresponded to the amino acids 1–33 of
the cDNA derived preprotein. (2) GFP was ampliﬁed with the primers,
5 0-CGCAATCTCCTCGCAATGAGTAAAGGAGGAGAAC-3 0 and
5 0-CCATTTCCGGGGCTTGTACAGCTCGTCCATGCC-3 0. (3) The
ArGGT core protein including the C-terminus was ampliﬁed with
the primers, 5 0-GGACGAGCTGTACAAGCTCCTCGGAAATGG-
CCTCG-3 0 and 5 0-GCTCTAGAGTCACGACATTTGGAGTGAC-
TTC-3 0, and corresponded to amino acids 29–404 of the cDNA
derived preprotein according to the sequence published [8].
In a second PCR step, the signal peptide of ArGGT was fused with
the modiﬁed GFP by ampliﬁcation with the primer, 5 0-
GGGGTACCGATGGAGGCATCAGTGTTCTTCAC-3 0, and either
5 0-GCTCTAGACTTGTACAGCTCGTCCATGC-3 0 for the con-
struct spGFP or 5 0-CCATTTCCGAGGCTTGTACAGCTCGT-
CCATGCC-3 0 for all other spGFP-fusion constructs (spGFP-interme-
diary product).
In a third PCR step, the ArGGT core protein including the C-termi-
nus was fused with the spGFP-intermediary product. SpGFP-ArGGT
was obtained using the primers, 5 0-GGGGTACCGATGGAGG-
CATCAGTGTTCTTCAC-30 and 5 0-GCTCTAGAGTCACGACA-
TTTGGAGTGACTTC-3 0. Analogously, spGFP-ArGGTDSLQMS
was obtained using the primers, 5 0-GGGGTACCGATGGAGGCA-
TCAGTGTTCTTCAC-30 and 5 0-GCTCTAGATCACTTCTTGTCC-
GCGGGTGTG-3 0, resulting in a C-terminally ArGGT core protein
truncated by ﬁve residues.
The ﬁve amino acids, SLQMS of spGFP-SLQMS, were added to
spGFP using the primers, 5 0-GGGGTACCGATGGAGGCATCA-
GTGTTCTTCAC-3 0 and 5 0-GCTCTAGATCACGACATTTGGA-
GTGA-CTTGTACAGCTCGTCCATGC-30 (bold letters indicate the
corresponding nucleotides). The 10 amino acids, PADKKSLQMS of
spGFP-PADKKSLQMS, were added to spGFP using 5 0-GG-
GGTACCGATGGAGGCATCAGTGTTCTTCAC-3 0 and 5 0-GC-
TCTAGATCACGACATTTGGAGTGACTTCTTGTCCGCGGG-
CTTGTACAGCTCGTCCATGC-3 0.
The three termini of Arabidopsis putative acid a-Gal –
PQTVSHSDV (Accession Nos. AAL67017, and At3g56310), Hordeum
vulgare leaf acid a-Gal fragment – PLKSQLD (Accession No.
CAA74161; [27]), and Oryza sativa putative acid a-Gal – PLISSRAN
(Accession No. AAP54408) were added to spGFP likewise with the
reverse primers 5 0-GCTCTAGATCAGTTGGCCCGGGACGAGAT-
GAGGGG-CTTGTACAGCTCGTCCATGC-3 0 to produce spGFP-
At aGal-IV/9, 5 0-GCTCTAGATTAATCCAGCTGAGACTTGAG-
AGG-CTTGTACAGCTCGTCCATGC-3 0 to produce spGFP-Hv
aGal-l/7, and 5 0-GCTCTAGACTATACATCAGAGTGTGATACTG-
TCTGGGGCTTGTACAGCTCGTCCATGC-3 0 to produce spGFP-eptide (sp)
terminus of ArGGT and its variants
PADKKSLQMS
PADKK
ADKKSLQMS
SLQMS
PADKKSLQMS
d its derivatives used in this study: (A), The ArGGT preprotein
y [8]. (B) GFP reporter gene and ArGGT-GFP chimeric constructs
es. All coding sequence constructs were under the control of the CaMV
E.M. Tapernoux-Lu¨thi et al. / FEBS Letters 581 (2007) 1811–1818 1813Os aGal-l/8, respectively. For construct control, all constructs were
sequenced using a PRISM Ready Reaction DyeDeoxy Terminator
cycle sequencing kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions and an ABI 373 DNA
Sequencer (Applied Biosystems).
2.3. Protoplast transformation
Protoplasts were prepared from axenic leaves of in vitro grown N.
plumbaginifolia by an overnight incubation in a 0.5% driselase (Fluka)
solution to remove cell walls. Filtration through a 100 lm pore size
sieve was used to collect protoplasts. They were centrifuged and
washed three times in W5 medium consisting of 150 mM NaCl,
125 mM CaCl2, 5 mM KCl, and 6 mM Glc and concentrated in W5
to a density of 2 · 106 protoplasts mL1. Protoplasts were subjected
to polyethylene glycol-mediated transformation in 15 mL Falcon tubes
as described [28,29] using 15–20 lg of circular plasmid DNA for
0.6 · 106 protoplasts. A volume of 4 mL of K3 cell culture medium
[30]; containing 8.3% Glc) was added to dilute the PEG as well as to
osmotically protect and nourish the protoplasts, which were incubated
horizontally for 1 or 2 d, respectively, at 26 C in the dark before inves-
tigation. Control protoplasts were transformed with pART-7 vector
containing GFP only.
2.4. Confocal laser scanning microscopy (CLSM)
N. plumbaginifolia protoplasts transformed with GFP constructs
were visualized directly by CLSM using a TCS SP2-x1 full spectrum
confocal microscope (Leica DM IRE2, Glattbrugg, Switzerland).
GFP and chlorophyll were simultaneously excited with a 488 nm Ar
and a 543 HeNe laser and ﬂuorescence emission images averaged over
four frames were captured in independent channels (GFP: 495–
525 nm, chlorophyll: 600–750 nm; DD488/543 beam splitter).3. Results
The linear arrangement of amino acids/domains in the
ArGGT precursor protein derived from the full-length cDNA
sequence (GenBank No. AY386246) is shown schematically in
Fig. 1A. The predicted N-terminal signal peptide (sp; [26]),
with the putative cleavage site being located between positions
22 and 23 (TTS-DDD; www.cbs.dtu.dk/services/SignalP), is
followed by the highly conserved core (ArGGT core) of
approximately 360 amino acids including a melibiase domain
as described by [8] and a short C-terminal extension consisting
of seven to nine amino acids, ADKKSLQMS. Because the
highly conserved core is shared with acid a-Gals, which have
been shown to be secreted and/or located in the vacuole, a
VSD directing ArGGT to the vacuole was assumed either at
the N- or the C-terminus, but not within the conserved core.
Transient expression of the full-length ArGGT cDNA in to-
bacco protoplasts had resulted in an active recombinant
ArGGT enzyme [8]. When the last ﬁve amino acids, SLQMS,
where removed from the sequence, no ArGGT enzyme activity
was detected in protein extracts from transformed tobacco
protoplasts anymore; also, no GGT enzyme activity resulting
from putatively secreted enzyme could be detected in the pro-
toplast medium (data not shown). Taken together, these preli-
minary results indicated that the C-terminus had a putative
function in vacuolar targeting. Further preliminary experi-
ments with a chimeric construct, where GFP blocked the
ArGGT C-terminus and which was expressed transiently in to-
bacco protoplasts, resulted in the location of GFP-ArGGT in
the endomembrane system but not in the vacuole (data not
shown). We concluded that: (i) the N-terminus possibly con-
tains the signal sequence for entry into the ER but not the
VSD; and (ii) the C-terminus must be accessible. In the follow-
ing experiments, we therefore concentrated on deﬁning theVSD sequence of the C-terminus by expressing GFP-ArGGT
chimeric constructs in transformed tobacco protoplasts and
by intracellularly localizing green ﬂuorescence using confocal
laser scanning microscopy (CLSM). No eﬀort was made,
however, to explore the nature of the sorting mechanism
per se.
All chimeric GFP-ArGGT constructs (GFP6; [25]) used for
intracellular localization studies are shown schematically in
Fig. 1B and had the ArGGT-secretory pathway signal peptide
at their N-terminus. The chosen length of the secretory path-
way signal peptide was 33 amino acid residues and included
all residues N-terminally of the residues similar to the mature
rice a-Gal, which had been used for crystallization studies
[31,32]. The two constructs, spGFP-ArGGT and spGFP-
ArGGDSLQMS, additionally contained the ArGGT con-
served core sequence and the full-length or truncated C-termi-
nus, respectively, the latter omitting SLQMS. The two
constructs, spGFP-PADKKSLQMS and spGFP-SLQMS,
contained the last 10 and 5 amino acids, PADKKSLQMS
and SLQMS, respectively, of the ArGGT C-terminus. The oli-
gopeptides were directly added to the reporter protein to deter-
mine their contribution to the vacuolar targeting. The two
constructs, GFP and spGFP, served as controls for transfor-
mation eﬃciency and sorting of GFP to the secretory pathway,
respectively.
After 1 d of transient expression in tobacco protoplasts, the
control GFP was detected in the cytosol (Fig. 2I) and the con-
trol spGFP possibly in the ER, characterized by its ﬁligree net-
work-like structure (Fig. 2J). After 2 d, both GFP and spGFP
were still located in the cytosol and ER, respectively (data not
shown). Putatively secreted GFP in the case of spGFP was not
detectable in the medium due to dilution. No attempt was
made to monitor secretion by alternative methods such as
Western blotting. The product of the construct, spGFP–
ArGGT, was located mainly in ER-like structures after 1 d
(Fig. 2A) and in both the ER-like structures and the central
vacuole after 2 d (Fig. 2B). The truncation of the last ﬁve ami-
no acids of the ArGGT C-terminus, represented by the prod-
uct of spGFP-ArGGDSLQMS, led to a GFP location in ER-
like structures only, even after 2 d (Fig. 2C and D).
When the last 10 and 5 amino acids of the ArGGT C-termi-
nus were added directly to spGFP, respectively, the typically
ER-located spGFP (Fig. 2J) was redirected to the vacuole after
2 d (Fig. 2F and H, respectively). Like spGFP-ArGGT
(Fig. 2A and B), the recombinant spGFP-PADKKSLQMS
and spGFP-SLQMS were both found mainly in ER-like struc-
tures after 1 d and in the vacuole after 2 d (Fig. 2E and G; F
and H, respectively). After 1 d, punctate structures, represent-
ing anything from Golgi bodies, to prevacuolar compartments
and early endosomes, were also GFP ﬂuorescing (Fig. 2A, E
and G). No attempt was made to identify their nature.
In summary, our results show that the last ﬁve to maybe nine
amino acids of ArGGT, ADKKSLQMS, constitute a ctVSD
and that the last ﬁve amino acids, SLQMS, are suﬃcient to tar-
get ArGGT (or a reporter protein) to the vacuole. We thus re-
fer to the pentapeptide, SLQMS, as the ArGGT ctVSD.
Because the ArGGT protein sequence shows high sequence
similarities to plant acid a-Gals [7,8], the ArGGT C-terminal
30 amino acid residues, including the newly identiﬁed ctVSD,
were compared with the C-termini of some known plant acid
a-Gals (Fig. 3). Interestingly, the acid a-Gal C-termini of
one Arabidopsis, one barley, and three rice sequences as well
Fig. 2. The C-terminal amino acids, SLQMS, are suﬃcient to target ArGGT from the ER to the vacuole. Representative CLSM images of tobacco
mesophyll protoplasts. Shown are the merged green (GFP) and red ﬂuorescence (autoﬂuorescence of chloroplasts) patterns of the constructs: A and
B, spGFP-ArGGT, 1 and 2 d, respectively, after transformation; C and D, spGFP-ArGGTDSLQMS, 1 and 2 d, respectively, after transformation; E
and F, spGFP-PADKKSLQMS, 1 and 2 d, respectively, after transformation; G and H, spGFP-SLQMS, 1 and 2 d, respectively, after
transformation; I, GFP, 1 d after transformation; J, spGFP, 1 d after transformation. Correctly-targeted spGFP accumulates in ER-like and
punctate structures (possibly Golgi bodies, prevacuolar compartments, and early endosomes; identity not determined) after 1 d and in the central
vacuole after 2 d. Bar = 10 lm.
Fig. 3. Sequence comparison of C-terminal peptides of selected plant acid a-Gals or a-Gal homologs with the ArGGT C-terminal peptide. All
sequences belong to the family 27 of glycosylhydrolases. Numbering of the Arabidopsis and the Oryza sativa cv. japonica sequences is arbitrary.
Numbering of the Hordeum vulgare sequences is according to [27]. Numbering of the Cucumis sativus sequences is according to Miao and Xu
(unpublished). The alignment was generated using AlignX, a component of Vector NTI Advance 10.1.1. Identical amino acids are boxed in black,
conserved amino acids are boxed in grey. The highly similar core sequence of most of the sequences ends with the residues F/LTP indicated by bold
letters. The minimal VSD of ArGGT is in italics. Underlined residues indicate additional potential VSDs of plant acid a-Gals, three of which
(indicated by arrows) were tested in this study (Fig. 4). Gaps, marked by hyphens, are included for a better match.
1814 E.M. Tapernoux-Lu¨thi et al. / FEBS Letters 581 (2007) 1811–1818as of one Salvia miltiorrhiza a-Gal homolog showed low con-
served extensions of six and more residues, analogously to
ArGGT (Fig. 3, underlined sequences). To test some identiﬁedC-termini as putative ctVSD candidates, the three C-terminal
extensions of one rice, one barley and one Arabidopsis a-Gal
were selected (Fig. 3, indicated by arrows) and chimeric GFP
ArGGT secretory pathway signal peptide (sp)
GFP
8aa ctVSD of OsαGal-I
7aa ctVSD of HvαGal-I
9aa ctVSD of AtαGal-IV
spGFP-HvαGal-I/7
spGFP-AtαGal-IV/9
spGFP-OsαGal-I/8
A
B spGFP-AtαGal-IV/9 spGFP-HvαGal-I/7 spGFP-OsαGal-I/8
Fig. 4. Three selected plant acid a-Gal ctVSDs target GFP to the vacuole: (A) Schematic diagram of the GFP-VSD fusion proteins used in this
study. Candidate VSDs of three acid a-Gals were added to the secreted form of GFP by PCR. Constructs were transiently expressed in tobacco
mesophyll protoplasts. AtaGal-IV/9, Arabidopsis ctVSD (PQTVSHSDV); HvaGal-l/7,H. vulgare ctVSD (PLKSQLD); OsaGal-l/8, O. sativa ctVSD
(PLISSRAN). Pro (P) is always the last residue of the highly conserved core. (B) Representative CLSM images of tobacco mesophyll protoplasts 2 d
after transformation. Bar = 10 lm.
E.M. Tapernoux-Lu¨thi et al. / FEBS Letters 581 (2007) 1811–1818 1815constructs prepared where the last conserved residue, Pro, was
included (Fig. 4A), analogously to the ArGGT-VSD con-
structs described above (Fig. 1). Transient expression was per-
formed in transformed tobacco protoplasts for 2 d and GFP
was detected by CLSM. All three C-termini targeted GFP to
the vacuole and can thus be rightly described as ctVSDs
(Fig. 4B).4. Discussion
The main aim of this study was to identify the propeptide se-
quence responsible for the correct targeting of the ArGGT to
the vacuole. For its positioning, three possibilities exist,
namely N-terminal, C-terminal, and internal [14,15]. Multiple
VSDs were detected in diﬀerent globulins (2S, 7S, 11S), where
all of the three mentioned types of propeptide location and
character are combined [33–36]. Elimination of one of these
VSDs did not necessarily abolish vacuolar targeting of the
globulins. Here, we used both blocking, elimination, and fu-
sion to the reporter protein, GFP, of candidate peptide se-
quences in a transient expression assay system with tobacco
protoplasts to determine the ArGGT VSD.
Candidate VSD peptide sequences were identiﬁed by com-
paring the ArGGT cDNA-derived peptide sequence to its
highly similar plant acid a-Gal sequences [8]. To date, a vacu-
olar or extracellular location of plant acid a-Gals of the glyco-
sylhydrolase family 27 have been shown or suggested, while
alkaline a-Gals of the glycosylhydrolase family 36 (CAZY
data base, http://194.214.212.50/CAZY/fam/acc_GH.html)
are rather cytosolic. Candidate VSD peptide sequences were
expected within low-similarity regions of which we identiﬁed
one at the N-terminus and one at the C-terminus of ArGGT.At the ArGGT N-terminus, a secretory pathway signal peptide
with a cleavage site between position 22 and 23 was predicted
(SignalP, www.cbs.dtu.dk/services/SignalP; [26]. Theoretically,
this left the option of an N-terminal VSD in the range of res-
idues 23 and 32. These 10 residues, DDDLHHRRNL, unlike
the known N-terminal ssVSDs, do not contain the consensus
sequence NPIRL/P [14,15,37]. Fusion of the predicted signal
peptide and the 10 amino acid linker region to GFP (construct
spGFP, see Fig. 1B) resulted in an ER-like structure but not a
vacuolar location of GFP (Fig. 2J) and conﬁrmed both the
predicted secretory pathway signal peptide and the absent N-
terminal VSD. However, in castor bean ricin, Jolliﬀe et al.
[38] recently found such an N-terminal linker to operate as a
non-speciﬁc spacer to ensure eﬃcient ER import and glycosyl-
ation. It might be hypothesized, that the 10 amino acid linker
of ArGGT has a similar function.
The most interesting candidate peptide sequence was found
at the ArGGT C-terminus, consisting of the residues,
ADKKSLQMS. Making use of GFP and the ArGGT secre-
tory pathway signal peptide, combinations with or without
the ArGGT core peptide and with varying portions of the C-
terminus were chosen to elucidate the contribution of each
of the selected peptide sections to the vacuolar targeting signal.
Transient expression in tobacco protoplasts and CLSM re-
vealed the vacuolar sorting of spGFP–ArGGT (Fig. 2B). It
proved that the ArGGT VSD is positioned at its C-terminus
and consists maximally of the amino acids, ADKKSLQMS.
Truncating the last ﬁve amino acids of the propeptide,
SLQMS, resulted in the abolition of vacuolar targeting
(Fig. 2D); we assume that the chimeric protein most probably
entered the default pathway to the extracellular space. Further,
when the candidate peptide sequences alone were added to
spGFP, the chimeric proteins were detected in the vacuoles
1816 E.M. Tapernoux-Lu¨thi et al. / FEBS Letters 581 (2007) 1811–1818after 2 d, irrespective of their length (Fig. 2F and H). After 1 d,
all chimeric constructs that contained the ArGGT ctVSD were
found within the ER and punctate structures which we assume
to be part of the endomembrane system (Fig. 2). Because the
exclusive aim of this study was to ﬁnd ctVSDs, no attempt
was made to identify these subcellular structures.
It has been shown for other ctVSDs that the vacuolar target-
ing was abolished when the C-terminus was not accessible
from the end anymore, e.g. by the addition of one or several
Gly residues or by N-glycosylation [15]. Blocking the ArGGT
C-terminus by GFP had the same eﬀect (data not shown). Col-
lectively, these results clearly indicate that the ﬁve amino acids,
SLQMS, are a suﬃcient VSD and are in further support of the
ArGGT C-terminus being the VSD location. If all ﬁve amino
acids are really necessary, however, remains to be elucidated.
The GFP-fusion proteins with the ArGGT ctVSD, SLQMS,
co-localized with neutral red (data not shown), indicating that
the sap of the vacuole the protein was targeted to, was acidic.
This is in accordance with earlier ﬁndings, that ArGGT itself
has an acidic pH optimum and is located in acidic, central vac-
uoles of common bugle mesophyll cells [5,11].
Not surprisingly, C-terminal extensions of acid a-Gals from
Arabidopsis, barley, and rice also turned out to be ctVSDs
(Fig. 4). These results conﬁrm the previous ﬁnding that the
AtaGal-IV (AAL67017/At3g56310.1) was vacuolar [39]. To
our knowledge, this is the ﬁrst identiﬁcation of an endogenous
Arabidopsis ctVSD.
The four newly identiﬁed ctVSDs are compared in Fig. 5A.
Their lengths vary slightly ranging from six to nine amino acid
residues. Common to them is the distinct transition of high to
low conserved amino acid residues marking the ctVSD. This is
also seen in Nicotiana tabacum chitinases (Fig. 5B) and glucan-
ases (Fig. 5C), where this transition site is the preprotein
processing site (Patent: EP 0418695-A 27-MAR-1991, CIBA-
GEIGY AG; [40]). Analogous to Matsuoka and NeuhausFig. 5. C-terminal sequence comparison of ArGGT with three tested
acid a-Gals (A) and selected chitinases (B) and glucanases (C). The
alignment was generated using AlignX, a component of Vector NTI
Advance 10.1.1. Identical amino acids are boxed in black, conserved
amino acids are boxed in grey. Processing sites of tobacco preproteins
previously identiﬁed by terminal sequencing of the mature proteins
(Patent: EP 0418695-A 27-MAR-1991; CIBA-GEIGY AG; [40]) are
indicated by arrows. Processing sites, indicated by the gap, for the
other chitinase and glucanase preproteins were suggested by Matsuoka
and Neuhaus [15] and are adopted here. Analogous processing sites for
the ArGGT and the acid a-Gal preproteins are suggested as indicated
by the gap (see also Fig. 3). Negative charges near the C-terminus are
indicated in bold and hydrophobic residues are underlined. Hyphens
are included for a better match.[15], who suggested processing sites for other chitinases and
glucanases as well as the corresponding transition of conserved
to non-conserved residues, we suggest a processing site for the
family 27 acid a-Gals and ArGGT after the conserved residues
F/LTP. Another common feature of the ctVSDs of ArGGT
and acid a-Gals and those of chitinases and glucanases is the
abundance of hydrophobic, and especially aliphatic, residues
combined with acid residues (Fig. 5). The hydrophobic resi-
dues have been suggested to participate in binding to a protein
receptor, e.g. Met near the last position [15]. Further, the posi-
tioning of Leu (or generally aliphatics) as well as Glu and Lys
in next proximity to Met are thought to interact with the pro-
tein receptor although the mode of interaction is not yet clear
but could be due to their hydrophobic backbone [41].
Finally, we propose, that all acid a-Gal proteins with low
conserved C-terminal extensions longer than ﬁve residues
(Fig. 3) are vacuolar. Research on plant acid a-Gals has
mainly focused on seeds because they contain large amounts
of RFOs and/or other galactosyl-oligosaccharides, galactosyl
cyclitols, and galactomannans which are all mobilized by a-
Gal during germination [42]. All a-Gal forms puriﬁed and se-
quenced from seeds so far lack C-terminal extensions consti-
tuting VSDs. According to the available public sequence
data and our own data presented here, it is tempting to specu-
late that Arabidopsis contains three extracellular acid a-Gals
and one vacuolar acid a-Gal. Similarly, rice might contain
two extracellular and three vacuolar acid a-Gals (Fig. 3).
These speculations clearly need further investigations because
vacuolar targeting of the full-length proteins including their
own predicted signal peptides has not been studied. Consider-
ing that the complete genomes of Arabidopsis and rice are se-
quenced, we suggest that in both monocots and dicots at least
one vacuolar acid a-Gal isoform is generally present.
Knowing the subcellular location of a metabolic step is
important for understanding its physiological function. In this
light, the identiﬁcation of the VSD of the barley HvaGal-l
(CAA74161/HvSF23) was of special interest. It is one of two
acid a-Gals characterized previously, the second one being
HvaGal-ll (CAA74160/HvSF11; [27,43,44]). Both of these a-
Gals were originally isolated from senescent leaves. More re-
cently, HvaGal-ll was also found in non-senescent barley
leaves and shown to have its highest expression in the elonga-
tion/growing zone of leaf blades [44]. HvaGal-l is suggested to
be a general housekeeping gene, whereas HvaGal-ll seems to
play a an important role in leaf development functioning in cell
wall loosening and expansion [27,43,44]. Most interestingly,
the two acid barley a-Gals, HvaGal-l and HvaGal-ll, not only
diﬀer in their suggested function but also in their subcellular
location. HvaGal-ll was shown by Western blot analysis to re-
side in the cell wall, where it hydrolyzes cell wall components
[44]. HvaGal-l, however, contains a ctVSD and might be
rather targeted to the vacuole, where it could easily fulﬁll its
proposed function related to the degradation of vacuolar
galactoproteins for housekeeping purposes. Likewise, the two
a-Gals also diﬀered in their VSDs; the vacuolar HvaGal-l
showed a typical ctVSD contrary to the cell wall HvaGal-ll
which was lacking such a motif (Fig. 3).
In conclusion, we have provided evidence for four diﬀerent
non-sequence-speciﬁc ctVSDs of four members of the family
27 of glycosylhydrolases, one of ArGGT and three of acid
plant a-Gals (from Arabidopsis, barley, and rice). All of these
ctVSDs constitute distinct C-terminal extensions of else highly
E.M. Tapernoux-Lu¨thi et al. / FEBS Letters 581 (2007) 1811–1818 1817similar proteins. We propose, that all members of the family 27
of glycosylhydrolases with low conserved C-terminal exten-
sions longer than ﬁve residues (Fig. 3) are vacuolar. The stage
is now set to investigate the concrete vacuolar sorting mecha-
nisms and the corresponding protein receptors.
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